Three protein complexes control polarization of epithelial cells: the apicolateral Crumbs and Par-3 complexes and the basolateral Lethal giant larvae complex [1, 2] . Polarization results in the specific localization of proteins and lipids to different membrane domains. The receptors of the Notch, Hedgehog, and WNT pathways are among the proteins that are polarized, with subcellular receptor localization representing an important aspect of signaling regulation. For example, in the WNT pathway, differential DFz2 receptor localization results in activation of either the canonical or the planar polarity pathway [3] . Despite the large body of research on the vertebrate JAK/STAT pathway, there are no reports indicating polarized signaling. By using the conserved Drosophila JAK/STAT pathway as a system, we find that the receptor and its associated kinase are located in the apical membrane of epithelial cells. Unexpectedly, the transcription factor STAT is enriched in the apicolateral membrane domain of ectoderm epithelial cells in a Par-3-dependent manner. Our results indicate that preassembly of STAT and the Receptor/JAK complex to specific membrane domains is a key aspect for signaling efficiency. Our results also suggest that receptor polarization in the ectoderm cell membrane restricts the cell's response to ligands provided by neighboring cells.
Besides setting up epithelial polarity, apicobasal complexes also modulate the subcellular compartmentalization or localized activation of various signaling molecules [4] [5] [6] [7] [8] . The JAK/ STAT signaling pathway is involved in processes ranging from immune response to organogenesis [9] [10] [11] . In the vertebrate-signaling model, inactive STAT is shuttling from the cytoplasm to the nucleus. Ligand binding to the dimerized receptor results in the activation of JAK bound to the receptor. JAK phosphorylates itself and the receptor, creating docking sites for STAT. Inactive cytoplasmic STAT now binds to the phosphoreceptor/JAK complex, where it is phosphorylated by the kinase. Phosphorylated STAT is imported to the nucleus, where it activates the transcription of target genes [9, 12] . In contrast to vertebrates, in which the JAK/STAT core-signaling elements are highly redundant [13] , the Drosophila pathway is composed of only three ligands, Unpaired (Upd), Unpaired2, and Unpaired3 [14, 15] ; one receptor, Domeless (Dome [16] ); one JAK, Hopscotch (Hop [17] ); and one transcription factor, STAT92E [18, 19] . Therefore, we decided to use Drosophila as a model to investigate the polarization of the pathway.
dome, hop, and stat92E mRNAs are maternally provided and ubiquitously transcribed in the embryo. To analyze their protein subcellular localization, we used specific antibodies or expressed functional tagged proteins by using UAS-dome [16] , UAS-hop-Myc (Experimental Procedures), and UAS-STAT92E-GFP [20] . We expressed these constructs by using either mesodermal or ectodermal Gal4 drivers and analyzed the subcellular localization of the proteins, paying special attention to three organs where the endogenous ligand is expressed and the pathway is active: the posterior spiracles (ectodermal origin), the pharyngeal musculature (mesodermal), and the hindgut (an ectodermal tube surrounded by mesoderm) [14, 15] .
In the pharynx, as expected for a receptor, Dome localizes to the membrane, and does so in a dotted pattern that could correspond to endocytic vesicles [21, 22] (Figure 1A ). Hopmyc localizes to the cytoplasm, obscuring any membrane localization ( Figure 1B ). This is due to the high levels of Hopmyc expressed, saturating the receptor binding sites and accumulating in the cytoplasm, as simultaneous coexpression of Hop-myc with the receptor relocates Hop to the membrane ( Figures 1C and 1C 0 ). This depends on the cytoplasmic domain of Dome, as it also occurs with a construct missing the extracellular domain ( Figure S2D available online) but not with constructs missing the intracellular domain ( Figure 1L and Figure S2C ). STAT is detected in the cytoplasm and is more concentrated in the nuclei ( Figure 1D ), as expected from the activation of the pathway in the pharynx. All of these observations agree with current knowledge of JAK/STAT activation based on vertebrate studies.
In contrast to the mesoderm, analysis of ectoderm cells shows a different picture. Both in the hindgut and the posterior spiracles, the Dome receptor localizes on the apical membrane ( Figures 1E and 1I ). Hop is again cytoplasmic ( Figures  1F and 1J ), but after coexpression with Dome both proteins localize to the apical membrane (Figure 1 . Surprisingly, by using a specific antibody we observe that STAT concentrates on the apical membrane of all embryonic ectodermal cells irrespective of the level of activation of the pathway ( Figures 2B, 2D , and 2E). And, in cells in which the pathway is active, STAT also localizes to the nucleus ( Figure 2B ). The signal detected by the antibody is specific, as we found the same result by using a STAT-GFP fusion protein ( Figures 1H, 1H 0 , 1M, 1M 0 , and 1N). STAT membrane localization is more prominent in cells in which the pathway is inactive; for instance, in the trunk epidermis ( Figure 2E ) or the spiracle after stage 15 ( Figure 2D, arrow) . This suggests that STAT translocates from the subapical membrane to the nucleus after pathway activation, returning to the membrane after inactivation.
To determine if STAT-GFP membrane localization is due to any other of the pathway's components, we analyzed STAT-GFP localization in upd, dome, or hop null mutants.
*Correspondence: ssotmar@upo.es STAT does not disappear from the membrane in a deficiency that removes all three Upd ligands [Df(1)os1A, Figure 2H ]. STAT membrane localization is not affected in null mutants for either dome ( Figure 2I ) or hop ( Figure 2J ), demonstrating that apical STAT localization is independent of the pathway.
STAT localizes to the membrane domain in which the apical complexes are located ( Figures 1M, 2F , and 3J). This, and the fact that STAT does not localize to the membrane in the mesoderm where Crb and Par-3 complexes are not formed ( Figure 1D ), suggests the apical complexes could be recruiting To analyze if JAK/STAT polarization is functionally relevant, we tested genetic interactions with polarity mutants. Heterozygous polarity mutants or stat92E embryos are viable and normal ( Figure 3M and not shown). In contrast, embryos simultaneously heterozygous mutant for stat92E and either par-3, aPKC, or crb present phenotypes associated to JAK/STAT loss of function, including malformation of the posterior spiracles and abnormal segmentation (Table S1 and Figure 3 
, compare [L] with [N] and [O])
. We also studied a specific readout of the pathway's activity, analyzing the expression of a crb-spiracle enhancer ( Figure 3P ) that is directly activated by JAK/STAT [24] . The expression of this enhancer is severely reduced in zygotic par-3 mutants simultaneously heterozygous for stat92E ( Figure 3S ), compared to its expression in heterozygous stat92E embryos or zygotic par-3 mutants (Figures 3Q and  3R ). In contrast, the expression of the JAK/STAT independent ems-spiracle enhancer [25] is not affected in the same genetic backgrounds ( Figure S4 ). The capability of Par-3 to induce STAT membrane localization and the strong genetic interaction between stat92E and cell-polarity mutations indicate that the apical polarization of JAK/STAT components is required for full-signaling efficiency in the ectoderm.
We next tested if the apical localization of all JAK/STAT transducer components in the ectoderm results in signaling occurring exclusively through this membrane domain. For this purpose we analyzed the posterior hindgut, where JAK/ STAT is required in the ectoderm and in the mesoderm surrounding it ( Figure 4A ). Upd expressed from the most anterior ectodermal cells of the hindgut activates in the ectoderm ventral veinless (vvl) and upregulates in the mesoderm dome through the dome-MESO enhancer ( Figures 4A-4D and [15] ). Thus, vvl and the dome-MESO autoregulatory enhancer can be used as readouts for JAK/STAT activation in the different hindgut tissues.
If signaling in the ectoderm were transduced exclusively through the apical membrane, we would expect that vvl activation on the hindgut would not be possible if Upd is presented from the basal side. To test this we expressed Upd either in the ectoderm or in the mesoderm and analyzed its effect on vvl activation in the ectoderm. As a positive control we analyzed the expression of dome-MESO. When expressed throughout the ectoderm, Upd induces ectopic expression of dome-MESO in the mesoderm and of vvl in the ectoderm ( Figures  4E-4G) , behaving as the endogenous Upd. In contrast, when Upd is expressed throughout the mesoderm, dome-MESO is ectopically activated (Figure 4I ), whereas vvl is not (compare Figures 4H and 4E) . The unresponsiveness of the ectoderm cells to Upd from the mesoderm is consistent with the endogenous receptor being apically localized in the hindgut ectoderm and, thus, unable to receive any mesoderm signal.
Many proteins involved in the establishment and maintenance of cell polarity also modulate signaling pathways by modifying or restricting the localization of their signaling components [4] [5] [6] [7] [8] . Precise subcellular distribution may help the activation of the pathway or restrict its activity by sequestering key elements. We have shown that in the epithelial cells the localization of JAK/STAT components is highly polarized. The apical restriction of the receptor can influence transduction, as only ligand presented to the apical side of the epithelium would be detected. This may be of relevance after septic injury, when circulating haemocytes secrete the Upd3 cytokine into the haemolymph [26] . In this case, the secreted ligand would activate its targets in the fat body without stimulating the ectoderm epithelial cells, as the cell junctions efficiently block Upd diffusion to the apical side.
Par-3-dependent STAT apical localization is intriguing. The localization of STAT to the subapical membrane seems important for signal transduction, as mutations reducing the amount of cell polarity proteins enhance stat loss of function phenotypes and reduce the activation of direct pathway targets. We propose that in ectodermal cells, where the receptor and the kinase locate apically, the existence of a subapical pool of STAT facilitates its rapid translocation to the activated receptor, increasing signaling efficiency. Future research should resolve whether this is achieved simply by the increased local concentration of apical STAT facilitating receptor binding or if there exists some dedicated machinery to translocate STAT from the subapical region to the active receptor similar to the one involved in nuclear import [9, 12] . It is interesting to note that crb expression is upregulated by JAK/STAT signaling in the follicle cells [21] and in the posterior spiracles [24] . As Crb helps maintaining Par-3 in the apical membrane, upregulation of crb by STAT might increase apical Par-3, reinforcing signal transduction by increasing the apical concentration of STAT.
There are few reports of polarized vertebrate JAK/STAT signaling. However, analysis of the subcellular localization of two IL-6 receptors in MDCK epithelial cells has shown that gp130 localizes basolaterally and CNTF-R apically [27] . Also, in the mammary glands, the IL-4Ra receptor is localized apically in luminal cells during gestation and lactation [28] . Recently, activated STAT3 has been transiently detected at the membrane in the nascent cell-cell contacts of squamous cell carcinoma of the head and neck [29] . In vertebrates the Par-3 complex functions as a regulator of junction biogenesis [30] . It will be interesting to investigate whether Par-3 also mediates the localization of STAT3 in the membrane. Our results and these observations suggest that JAK/STAT polarization in epithelia may be a general feature.
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